An overview is given of current electron spectroscopy studies of the single-particle electronic structure of strongly correlated systems. Specific topics include (i) the Ce 4f spectrum of CeCu,Si,, (ii) the 5f spectrum of Y,_,U,Pd,, and (iii) the doped metallic state of high-temperature superconductor materials, for which it is argued that in the Luttinger liquid scenario, the Fermi energy of the metal should lie in the parent insulator's gap, as observed experimentally.
Introduction
This paper presents an overview of current photoemission and inverse photoemission studies of the single-particle electronic structure of strongly correlated systems. Strongly correlated systems are found in the group of materials where the valence and conduction bandwidths are less than the magnitude of Coulomb interactions between electrons in these states [l] . In the main, this situation occurs for the 3d electrons of transition metal compounds, the 4f electrons of rare earth elements and compounds, and the 5f electrons of actinide elements and compounds. Implicit in the idea of a strongly correlated system is that many-body effects are essential in a description of the electronic structure. In this case, it is important to have in mind a definition of the single-particle electronic structure that is sufficiently general to include these effects. The appropriate definition is the spectrum to remove and add an electron, i.e., the electron ionization and affinity spectra. The theoretical response function is known as the single-particle Green's function G. No mathematics is required to appreciate that in a system of non-interacting electrons in a solid this spectrum is exactly the one-electron spectrum of a traditional band description. For a system of interacting electrons, the spectrum is more complex, with broadened, shifted or entirely new peaks.
The principle experimental techniques for determining the single particle electronic structure are photoemission spectroscopy (PES) and inverse photoemission spectroscopy (IPES), for measuring the ionization and affinity spectra, respectively. When IPES is performed at X-ray energies, it is generally called Bremsstrahlung isochromat spectroscopy (BIS). These spectroscopies produce final states with one extra hole or electron via photon absorption and electron emission, or electron injection and photon emission, respectively. In making the connection to the theoretical response function it is necessary to assume that the sudden approximation holds for the photon event, i.e., that the outgoing or incoming electron in PES or BIS, respectively, has enough kinetic energy that its interaction with the system after or before the photon event is negligible. Then the photon event can be characterized by a cross section c. In angleresolved photoemission spectroscopy (ARPES) electrons are collected in a well-defined direction relative to an oriented single crystal surface, which allows the selection of electrons of a particular crystal momentum k. IPES can also be performed in the angle-resolved mode.
The emission from a particular kind of electronic state 'i' can often be identified because its cross section has a particular photon energy (hv) dependence a,(hv). Nearly all PES measurements have utilized this dependence to enhance, and sometimes to extract the spectral features associated with the narrow band electrons of interest. For Ce 4f, U 5f and Cu or Ni 3d states, the cross section has a resonance for hv near the Ce 4d, U 5d and Cu or Ni 3p, absorption edges, around 120, 100 and 7OeV, respectively, involving a mechanism described elsewhere [2,3]. Exploiting these resonances is known as resonant photoemission spectroscopy (RESPES) [3] and is performed with synchrotron radiation. Recent claims [4] that RESPES provides misleading results for uranium systems appear to have been refuted entirely [5] .
The remainder of this paper discusses, in turn, current work for rare earths, actinides and Cu-0 high-temperature superconductor (HTSC) materials. For the most part, the paper focuses on developments not discussed in an overview paper on heavy-fermion spectroscopy written for the 1988 ICCF6 conference [6], although there is some overlap. The rare earth section of the paper is a shortened version of the discussion in a more recent review [7] written for a 1989 conference on synchrotron spectroscopy, and is included here for completeness.
The present paper differs from both of the previous overviews by including new BIS data for Y ,_xU,Pd,, and a discussion of the metallic state of HTSC materials.
Rare earth systems

Anderson impurity Hamiltonian
For cerium and ytterbium materials, a coherent account of both the 4f PES/BIS spectra and certain ground-state properties has been obtained using the degenerate impurity Anderson Hamiltonian [2,3,8-111. This Hamiltonian is a model for an N,-fold degenerate local orbital, denoted here as f, hybridized to a band. It contains several charge fluctuation energy scales, CJ,,, or and pNfV2, which are, respectively, the Coulomb repulsion between two f electrons, the f binding energy relative to the Fermi level E,, and the hybridization width involving hybridization matrix element V of the f state to the conduction electrons having density of states p. Other energy scales for the f electrons can also be included in the model, such as spin-orbit, or crystal field splitting of the f degeneracy. This model has an emergent energy scale, k,T, which characterizes spin fluctuations and its inverse is proportional to the T-linear specific coefficient y and the DC magnetic susceptibility x(O). T, is called the Kondo temperature, and also controls the width and weight of a Fermi-level peak, the Kondo resonance, in the BIS/PES spectrum. Small T, means small weight in the resonance, a large value of y, and a large value of x(O).
Other 4f energy scales included in the model, such as spin-orbit or crystal field splittings, produce additional structure on both the PES and BIS sides of the Kondo resonance, and provide additional weight near E, relative to that which would occur for the same T,. These details of the resonance are observed for both Ce [12] and Yb [ll] materials. In principle, the resonance should also show structure associated with lattice effects neglected in the impurity approach. A theoretical attack on this problem [13, 141 is to calculate the band structure in the local density approximation (LDA), to replace the LDA phase shifts for the f electrons by phase shifts appropriate to the Kondo resonance, and then to calculate a renormalized band structure. This approach has been applied to deHaas-van Alphen data, but the renormalized band structure has yet to be observed in PES or IPES.
It has also been possible to obtain a good description [2,9] of the spectra obtained in X-ray photoemission spectroscopy (XPS) of cerium 3d-core levels, by augmenting the impurity Anderson Hamiltonian with an interaction term of magnitude U,, which increases the binding energy q in the presence of a core hole. It is found that the 4f PES/BIS spectra and the 3d XPS spectra can be described with very similar values of Hamiltonian charge fluctuation parameters, and that the low-energy properties calculated with these parameters are in reasonable agreement with experiment if T, is not exceptionally small.
Origin of heavy-fermion behavior in
CeCu,Si, Current efforts for 4f electrons are directed at finding the quantitative limits of the impurity approach by making the model as realistic as possible. One step in this direction is to use an energy dependent V(E) calculated within the LDA explicitly for the material under study. A realistic V(E) is especially important for obtaining good fits to PES spectra, and also provides insight into the electronic structure origin of the ground state properties of interest. In fitting spectra, it is found that scaling the magnitude of V(E) is necessary to obtain good fits, or in some cases, to reproduce the magnetic susceptibility. Also, the values of or and U,, are taken as adjustable. However, it should be pointed out in passing that the LDA and related techniques can be used to calculate these two energy parameters, essentially from first principles [15, 16, 171 . Thus the combination of the many-body model and LDA calculations provides the possibility of a predictive, microscopic many-body theory of both the spectral and ground state properties of the 4f electrons at the level of the impurity model.
CeCu,Si,, the original heavy-fermion superconductor material [18, 191 , has been studied recently using a calculated V(E). Details of the calculation, and the fitting of spectra are given elsewhere [17, 20] . Figure 1 shows that structure in the partial densities of state of the Cu d electrons and of the Si p electrons are reflected in IV(E)I". For -6eV G E d -3 eV, coupling to the Cu d states dominates. Coupling to the Si p-states dominates the region near E,, so it is most important in determining ground state properties, whereas Ce 4f spectral features are determined by both. The data points in panels (a) through (c) of fig. 2 show the experimental 4f BIS, 4f PES and 3d XPS spectra, and the solid lines the corresponding theoretical spectra, which have been broadened to simulate the experimental resolution. The PES spectrum was extracted from the RESPES data of ref. [21] by methods described in ref. [2] . In general the theory provides a very good description of the experimental data. For the 3d spectrum the excellent fit of the least binding energy spin-orbit component is not maintained in the higher-energy component because the theory does not include inelastic loss features present for binding energies greater than 890 eV. The model parameters for the fits are E = -2.4eV, Ur, = 7.27eV and U,, = 11.5 eV. In addition it has been necessary to reduce the magnitude of the theory V(E) by a factor 0.67. The source of this renormalization is unknown, but a possible reason is that the LDA has an unphysical interaction of the f electron with itself, which would give 4f wavefunctions that are too extended. Both the BIS and PES spectra show very little weight in the Kondo resonance, reflecting the fact that the ground-state composition, 1.1% 4f", 95.6% 4f', and 3.3% 4f2, is near integer valence, and TK is very small. It appears generally to be the case [2] that small T,, and hence heavy- The 4f PES spectrum was extracted from the data in ref. [21] . fermion behavior, results when hybridization near E, is to s/p states rather than to d states. The spectra of fig. 2 have been calculated in a model which includes only spin-orbit splitting of the 4f' state. To calculate x(O) it is very important to include also the crystal field splitting [22] , and this has been done to lowest order in the inverse degeneracy theory 191. For the V(E) determined spectroscopically, the resulting x(O) is larger than the experimental one by 3 to 4 orders of magnitude. To obtain the experimental value it is necessary to increase the spectroscopic V(E) by a factor of about 1.2. That a relatively small correction in V(E) is required to remove such a large discrepancy in x(O) is because T, depends exponentially on the model parameters in the heavy-fermion (small TK) regime of the model. It has been found that, although V(E) varies considerably for different f orbitals, the neglect of this dependence is not the origin of the need for renormalization.
[23] A possible explanation discussed in detail elsewhere [24] is that the Coulomb interaction between the f electrons and the conduction electrons, which is not included explicitly in the model, causes V(E) to be different for spectroscopic and thermodynamic properties. In the current theory of this effect, it is large only for materials with very small T,.
Uranium systems
Introduction
In general, the 5f spectra of metallic uranium materials [3,25] do not resemble the 4f spectra of rare earth materials, especially in having large amounts of weight around E,. This is true even for heavy-fermion materials, which, in the impurity Anderson model, would have small T, and therefore small weight at E,. One approach to interpreting uranium spectra has been to compare with LDA calculations, as summarized elsewhere [3, 6] . Another approach is to study the effects of diluting the uranium with a chemically similar element lacking 5f electrons, such as yttrium. The goal is to distinguish single site from lattice effects in at least the large energy scale features of the 5f spectra, with the hope of deciding whether an Anderson impurity model could serve as a useful starting point for a theoretical description. Various dilution studies are described in ref. [6] . In general the spectra obtained in PES and BIS have been entirely, or nearly independent of x.
Dilution studies of Y,_,UxPd,
The dilution system Y ,_*.U,Pd, is interesting because it does not follow the trends just de-scribed. The x = 1 compound is unusual in that the PES/BIS spectrum shows a gap around E,. The usual interpretation [26- 281 is that the PES and BIS spectra consist of 5f2 + 5f' and 5f'+ 5f3 transitions, respectively, and that the gap measures U,,. As reported recently [29] , the 5f PES spectrum, deduced using RESPES, changes significantly with dilution. As shown in fig. 3 , the spectrum narrows and moves toward E, as x decreases from 1 to 0.1. A large fraction of the shift occurs for x between 0.1 and 0.5, and so the shift does not seem to be especially correlated with a crystal structure change that takes place between x = 0.5 and x = 0.9. A figure from ref. [29] shows that the spectrum for x = 0.02 is essentially identical to that for x = 0.1 within experimental uncertainty due to noise and resolution. An interpretation advanced for this result within the usual model for UPd, is that U4+, i.e. 5f2, is replaced by Y3+. The number of conduction electrons per unit cell will then decrease by 1 as x changes from 1 to 0. Band calculations for YPd, [30] indicate that the density of conduction electron states within the interval of about 1.0 eV above and below E, is roughly 1.0 electrons/eV-unit cell, implying that E, will decrease by about 1 eV as x changes from 1 to 0, as observed. Consistent with this interpretation is that the Pd 4d valence band emission shifts toward E, by a comparable amount.
Subsequent core level XPS and BIS studies have been made [31] . The new data are generally consistent with the idea of a shifting E,, but also suggest that a more detailed picture will be required, e.g., for the charge transfer in the alloy, and for the U 5f electronic structure. It is found, e.g., that the Pd and Y 3d core levels shift toward E,, but by different amounts of about 1.1 and 0.7 eV, respectively, while the U 4f core levels display a more complex behavior which will be reported elsewhere [31] . Figure 3 shows the BIS spectrum for various x. Spectra for x = 0.9 and x = 0.3 fit smoothly in the sequence, but are not shown for clarity. Antibonding states of mixed Y/U 5d and Pd 4d character [30, 32] total spectrum, as shown by the data for x = 0. Data analysis to extract the U 5f BIS spectrum is now in progress, and it is planned to attempt a fit of the U 5f and 4f spectra using the impurity Anderson model. In such a model, it is expected that T, will change as the separation between the 5f peak and E, changes, and as the hybridi- 
The insulator spectrum
The data points of fig. 4 , taken from refs. [36, 37] show angle-integrated RESPES spectra for the electron-doped system [38, 39] Nd,_,Ce,CuO,, for x = 0 and 0.15. The main features of the x = 0 insulator spectrum are typical for other HTSC materials.
There is a large weakly structured 'main band' and weaker 'satellite' features between -8 and -16 eV. The sharp increase with hv in the intensity of the satellite features shows that they have Cu 3d character. Band theory predicts no 3d weight in this energy range.
The top solid line of fig. 4 shows the Cu 3d spectrum calculated for Nd, CuO, in an impurity Anderson model [36] for the correlated 3d electrons of a single Cu site, hybridized to the 0 2p bands.
The impurity ground state is a linear combination of 3d" and 3d"'L-' configurations. L-' means a hole, having d symmetry around a Cu site, in an otherwise full 0 2p band. The low binding energy states of the electron removal spectrum are mainly linear combinations of 3d'L-' and 3d"'L-', while the higher lying 'satellite' states are mainly of 3d8 type. The dashed lines show the atomic 3d8 multiplets, which lie at higher binding energy due to the large U. The hybridization with the low-lying states pushes 3dX weight to even higher binding energy and also mixes it into the low-lying states. As found in earlier work [40, 41] , in the 'A,, symmetry, the hybridization can push out a bound state, the 'local singlet', above the valence band, which is the peak at lowest binding energy. The calculation agrees well with experiment in the satellite region, and has the same general features as the main band, but the weight of the local singlet is much larger than in experiment.
How good is the impurity description of the single particle electronic structure of the insulator? On the positive side, it serves to show the correlated character of the insulator. It also shows that the band gap is actually of charge transfer type [42, 43] , which is important in giving meaning to a one-band Hubbard model applied to the system [42, 44, 45] .
However, recent ARPES experiments for NiO strongly suggest that lattice effects neglected in the impurity description of the insulator can be observed [46] . The main band features show strong dependences on emission angle, and on the photon energy and polarization.
Features of oxygen 2p character are in good agreement with the results of a band calculation, including the effect of AF order. Also the peaks with the smallest binding energies, which correspond to 3d bands in the LDA, and to the 3dsL-' and 3d9Lm2 final states in the impurity model, display measureable dispersion, of order a few tenths of an eV. For the HTSC materials, ARPES studies of the main band also suggest the importance of lattice effects [47, 48] . These studies were done in the metallic state, but, as emphasized in section 4.3, doping often has little effect on the main band. The band structures of the HTSC materials are so complex that the extent of agreement with the ARPES data is difficult to judge, and in any case there is currently no theory which describes both the satellite and the lattice aspects of the insulator spectrum. A point often overlooked is that for the wavefunction implied by band theory, the least binding energy parts of the PES spectrum of NiO and the copper oxide superconductors should resonant strongly rather than weakly, because the 3d content is very large ]3,49j.
The near-E, states of the metal
A result of great importance shown by current data is that the chemical potential of the doped metal lies in the insulator gap. With doping, it does not move into states already present in the insulator, and does not jump across the gap if the doping is changed from holes to electrons [37] . This result makes it unlikely that the E, states of the metal are literally and simply the local singlet predicted for the insulator. Figure  4 shows PES data from ref.
[37] for Nd,-,Ce,CuO, for the metallic state with x = 0.15. The main-band features are essentially unchanged from those of the insulator, although the satellite is somewhat weaker. As highlighted in the inset, E, lies in the insulator gap, as does the emission in the first 0.5 eV below E,. Early PES data [50] show that the same occurs for the hole doped system La2_XSrXCu04, and that E, is roughly the same for the two systems. Other workers have also noted and discussed this aspect of the near-E, emission in Nd,_XCe,CuO, [. 51, 52] and Bi,Sr,Ca,_,Y,Cu,O, [53, 54] . The discussion of ref. [37] emphasizes the simultaneous consideration of hole and electron doping, and gives arguments that the gap filling must be derived by transfer of weight from both the valence and conduction bands. It is pointed out that the similar values of E, for hole and electron doping would be implied if the metals have a Fermi surface obeying the Luttinger counting theorem [55] . This theorem states that the volume enclosed by the Fermi surface is unchanged as Coulomb interactions are turned on, so long as the symmetry of the ground state remains the same. Direct evidence for the counting theorem has been provided by high-resolution ARPES studies of the normal state [56- -' " Although the observation of the Luttinger volume is consistent with a Fermi liquid, as assumed by most ARPES workers cited here, it is also consistent with the marginal Fermi liquid [61] and the Luttinger liquid [62] . The latter is an elegant scenario in which there is a Fermi surface that obeys the Luttinger counting theorem, but where there is otherwise not a Fermi liquid because the electron is a composite of independent charge and spin excitations called holons and spinons. The electron removal lineshape is expected to differ from that of the Fermi liquid because it reflects the dynamics of the holon and spinon produced when the electron is removed. The analysis of experimental lineshapes entails technical issues beyond the scope of the discussion here.
I conclude with an argument that the Luttinger liquid scenario leads to the occurrence of E, in the insulator gap. From a spectroscopic viewpoint, the metal appears to be formed by transferring a small amount of the insulator's singleparticle spectral weight to low-lying intrinsic excitations. In the insulator the electronic excitations at the ground state are the magnons, which do not couple to single-particle spectral weight. But in the metal the spin degrees of freedom take the form of spinons, which have the energetics of the insulator magnons, but are fermions. I propose to think of the near-E, emission as a 'hybridization' of insulator singlespectral spectral weight to the low-lying spin degrees of freedom, made possible by the change from magnons in the insulator to spinons in the metal, a profound change in statistics, but not energetics. The resulting weight and metal E, should lie in the insulator gap, but with most of the weight remaining at higher energies characteristic of the insulator, as observed. 
